The exercise hemodynamic values in two groups of patlents wfth repaired tetrad of Fallot (eight patlents with some resktual pulmonary insufficiency and seven patients without insufficiency) were compared with values in seven patients with trivial pulmonary stenosis who had not been operated on. The patients with tetrad of Fallot underwent surgery after age 8 years and all had a good hemodynamic repair (no shunts and a right ventricular systolic pressure at rest of less than 80 mm Hg). Exercise increased the right ventricular outflow tract gradient by the same magnltude in all three groups of patients. However, both surgically treated groups experienced impaired cardiac pump function on supine exercise (that is, a lower than anticipated cardiac index for the amount of oxygen consumed and a significant decrease in stroke index). Exercise also caused both groups with repair to have a decrease in stroke index and a concomitant increase in right ventricular end-diastolic and pulmonary wedge pressures; in contrast, the patients with pulmonary arterial stenosis had an increase in stroke index and a concomitant decrease in right ventricular end-diastolic and pulmonary wedge pressures.
Limited information is available concerning the hemodynamic response to exercise after the surgical repair of tetralogy of Fallot.1-6 Epstein et a1.l demonstrated that the overall cardiovascular response to upright exercise was impaired in 9 of 10 postoperative patients with tetrad of Fallot. They observed that four of six patients had a significant pulmonary outflow tract gradient with exercise despite a trivial gradient at rest. These data suggest that part of the abnormal cardiovascular response to exercise in patients with a good surgical repair of tetrad of Fallot may be due to the development of significant right ventricular outflow tract obstruction with exercise. However, other factors such as a large residual intracardiac shunt,7 severe residual.pulmonary stenosis,7 residual pulmonary insufficiency5 or left ventricular dysfunctions may also contribute to an abnormal exercise response in patients with repaired tetrad of Fallot.
The purpose of this study was to determine if residual pulmonary insufficiency or right ventricular outflow tract obstruction, or both, causes the impaired hemodynamic response to exercise observed in some patients who have had a good intracardiac repair of tetrad of Fallot.
Study patients: Fifteen patients aged 10 to 26 years underwent cardiac catheterization 1 to 12 years after surgical repair of tetrad of Fallot (Table I) . Seven of these patients had a Dacron@ conduit with a porcine aortic valve (Hancock Laboratories, Anaheim, California) used to establish continuity between the right ventricle and pulmonary artery. These patients also had ligation of either a previous systemic to pulmonary shunt or collateral vessels. The remaining eight patients with repair had the right ventricular outflow tract reconstructed with a patch that extended across the pulmonary valve anulus (Table I ). All 15 patients with tetrad of Fallot underwent surgical repair after age 8 years and had a good hemodynamic repair (that is, no intracardiac shunts and a right ventricular pressure at rest of less than 60 mm Hg) ( Table I) .
All 15 postoperative patients were asymptomatic, had a grade 3/6 systolic ejection type murmur at the left sternal border, mild cardiomegaly on chest X-ray film and right bundle branch block on electrocardiography. No patient with a conduit had a murmur of pulmonary insufficiency whereas all eight of the patients with a patched outflow tract had a grade 3/4 diastolic murmur of moderate pulmonary insufficiency. Graded treadmill exercise testing was performed before cardiac catheterization in all patients using the Bruce protocol.g
Cardiac catheterization:
Each patient underwent routine diagnostic right and left heart catheterization in the supine position. A 7 French thermodilution catheter and a 5 French Swan-Ganz catheter were introduced percutaneously into the right femoral vein and a 7 French pigtail catheter was inserted percutaneously into the right femoral artery. Oxygen consumption was directly measured utilizing Douglas bags and a Tissot spirometer. Cardiac output at rest was measured utilizing thermodilution in all patients without pulmonary insufficiency. In the eight patients with pulmonary insufficiency cardiac output was calculated utilizing the Fick principle. All patients then underwent submaximal exercise in the supine position utilizing a variable resistance bicycle ergometer at a work load designed to raise the heart rate to between 140 and 180 beats/min. After a steady state of exercise had been achieved for 4 to 5 minutes, cardiac output was measured in all patients. obtained in seven nonsurgically treated patients with trivial pulmonary stenosis matched for body surface area, sex and right ventricular outflow tract gradient. In addition, the relation between the change in oxygen consumption and cardiac index for both groups of patients with repair was compared with this relation in patients with mild pulmonary stenosis and patients without heart disease.lO Left ventricular ejection fraction was calculated using the area-length method described by Dodge et al."
APS
Statistical analyses were performed using a univariate one way analysis of variance and the Scheffe procedure for multiple comparisons.12 All values are presented as a mean f standard deviation.
Results

Graded treadmill exercise testing:
Decreased exercise endurance was observed in both groups of patients with repaired tetrad of Fallot. These patients exercised for 10 to 14 minutes (10th to 35th percentile for age) compared with 12 to 18 minutes (25th to 95th percentile for age) for the patients with mild pulmonary stenosis. Six patients with repair had premature ventricular complexes (unifocal in four, multifocal in one and couplets in one) (Lown grades II to 1VA)is with treadmill exercise, whereas no patient with pulmonary stenosis experienced arrhythmia with treadmill exercise (p <O.OOl). No treadmill exercise test was terminated because of arrhythmia.
Neither treadmill exerciseinduced arrhythmia nor exercise endurance differed significantly in the patients with repair who did or did not have pulmonary regurgitation.
Supine exercise during catheterization: ventricular arrhythmia: No residual intracardiac shunt was demonstrated at postoperative cardiac catheterization in any of the patients with repaired tetrad of Fallot (by oxygen saturation data and left ventricular angiography). No significant difference was present among any of the three groups with respect to heart rate or oxygen consumption either at rest or during exercise. Thus, the resting and exercise states were comparable among the three groups (Table II) . In addition, despite the development of ventricular arrhythmia with treadmill exercise in six of the patients with repair, no significant arrhythmia developed during submaximal supine exercise in any of the three patient groups.
Cardiac index during exercise: On exercise the right ventricular systolic pressure and right ventricular INDEXED OXYGEN CONSUMPTION (rnl/rnin/rr2) FIGURE 1. Relation between cardiac index and indexed oxygen consumption at rest and during exercise in seven patients (PTS) with no pulmonary regurgitation (PR) after repair of tetrad of Fallot (ToF) with a valved conduit (circles); eight patients with moderate pulmonary regurgitation after repair of tetrad of Fallot with an outflow patch (dlamends); and seven nonsurgically treated patients with mild pulmonary stenosis (PS) (triangles). The hatched area represents the normal range." Values in all but four patients with tetrad of Fallot (three with and one without pulmonary regurgitation) are distinctly below the normal range. S/P = post repair.
outflow tract gradient increased in all patients and there was no significant difference among the three groups. Cardiac index was the same at rest in all three groups, but during exercise it was significantly smaller in both surgically treated groups than in the group with mild pulmonary stenosis (p <O.OOS) ( Table II) .
The relation between the change in oxygen consumption and cardiac index with exercise was abnormal in both surgically treated groups when compared with that in patients with mild pulmonary stenosis or with no heart disease** (Fig. 1 ). Only 4 of 15 patients with repair had a normal relation between oxygen consumption and cardiac index (3 with [Patients 19,ll and 151 and 1 without pulmonary insufficiency [Patient 31). The exercise factor-the ratio of the change in cardiac index to the change in indexed oxygen consumption-was significantly smaller in both groups with repair than in the group with mild pulmonary stenosis (p <O.OOl).
Stroke index during exercise (Table II) : Stroke index was not significantly different among the three groups at rest, but was significantly higher with exercise in the patients with mild pulmonary stenosis (p <0.009). The pattern of change of stroke index was also different. In the group with mild pulmonary stenosis, stroke index increased during exercise, whereas in both groups with repair stroke index decreased with exercise. In addition, both right ventricular end-diastolic and pulmonary capillary wedge pressures decreased with exercise in the patients with mild pulmonary stenosis, whereas in both groups with repair, these pressures increased with exercise. When comparing the changes from rest to exercise of stroke index and either right ventricular enddiastolic or pulmonary capillary wedge pressure, differences among the grovps were more apparent. In the patients with mild pulmonary stenosis, stroke index increased during exercise while right ventricular enddiastolic and pulmonary capillary wedge pressures decreased (a normal response); however, in both groups with repaired tetrad of Fallot, stroke index decreased during exercise while both right ventricular end-diastolic and pulmonary capillary wedge pressures increased (an abnormal response) ( Fig. 2 and 3 ).
Discussion
Abnormal response to exercise after repair of tetralogy of Fallot: Previous evaluations of the exercise hemodynamics after repair of tetrad of Fallot14 demonstrated that a small number of patients have an impaired cardiovascular response to exercise despite the lack of symptoms and the absence of residual intracardiac shunts. The cause of the impaired response to exercise in these patients is not known, yet some investigators have argued that either exercise-induced right ventricular outflow tract obstruction,' residual pulmonary insufficiency,5 right ventricular dysfunction2e4t6 or left ventricular dysfunction,"m8 or both, may be the cause. In an attempt to clarify the cause of abnormal exercise function in patients with repaired tetrad of Fallot, we compared the hemodynamic response to supine exercise in two groups of patients with repaired tetrad of Fallot (one group with and the other without pulmonary regurgitation) with that in a group of patients who had mild pulmonary stenosis. All surgically treated patients underwent repair after early childhood (greater than age 8 years) and had a good hemodynamic repair (no intracardiac shunts and a right ventricular systolic pressure at rest of less than 60 mm Hg). Both surgically treated groups demonstrated deficiencies in cardiac pump function during supine exercise by comparison with patients with pulmonary stenosis (that is, a lower than anticipated cardiac index for the amount of oxygen consumed and a significant decrease in stroke index14,15). Because all three groups of patients had the same degree of exercise-induced right ventricular outflow tract obstruction, it is unlikely that this obstruction alone is the major cause of the abnormal exercise response observed. In addition, there was no significant difference in the exercise hemodynamics of our patients with and without pulmonary insufficiency. Therefore, it is also unlikely that pulmonary regurgitation is the major cause of the abnormal exercise response observed.
Cause of impaired exercise response: role of increased right ventricular end-diastolic and pulmonary capillary pressures: Because abnormalities in both left and right ventricular function can alter the cardiac response to exercise, we next attempted to evaluate myocardial muscle function by measuring exercise-induced changes in both right and left ventricular end-diastolic pressures. With exercise, the patients with mild pulmonary stenosis exhibited a normal decrease in both right ventricular end-diastolic and pulmonary capillary wedge pressures, whereas both groups of surgically treated patients showed an abnormal increase in both pressures with exercise (Table II) . 0thers3v6 have also demonstrated that exercise causes some patients with repaired tetrad of Fallot to have a decrease in stroke index and a concomitant increase in right ventricular end-diastolic and pulmonary wedge pressures.
The increase in right ventricular end-diastolic pressure with exercise probably represents an abnormality of both left and right ventricular compliance.14 Myocardial hypertrophy or fibrosis or increased ventricular volume alone or in combination can cause abnormalities in ventricular compliance. Because the exercise-induced increase in right ventricular end-diastolic and pulmonary capillary wedge pressures were also associated with a significant decrease in stroke volume, the altered ventricular compliance in our patients with repaired tetrad of Fallot can best be explained by the presence of both right and left ventricular myocardial fibrosis in addition to myocardial hypertrophy14 ( Fig.  2 and 3 In addition to focal left and diffuse right ventricular fibrosis, other factors may also have contributed to the abnormal myocardial compliance observed in the 15 surgically treated patients. These might include myocardial damage incurred through failure to preserve the ischemic myocardium during cardiac bypass, prolonged length of aortic cross-clamp time and ischemic arrest, failure of regression of right ventricular hypertrophy and the long-term effect of arterial desaturation.*
Comparison with previous studies: Our study had a larger number of patients with an impaired cardiovascular response to exercise than that in other studies on exercise hemodynamics after repair of tetrad of Fallot.2~5~6 This difference is largely due to the fact that all of our patients were both more than age 8 at the time of their surgical repair and had a severe form of tetrad of Fallot requiring extensive right ventricular outflow tract reconstruction with either a valved conduit or large outflow patch. Borow et al. lg observed that ventricular dysfunction was present in patients with tetrad of Fallot repaired at an older age, but not in patients whose repair was performed during infancy. James et a1.20 also reported that patients who had intracardiac repair of tetrad of Fallot after age 10 appear to have a smaller work capacity than do patients who had repair at an earlier age.
Clinical implications: The long-term significance of the impaired hemodynamic response to exercise in patients with tetrad of Fallot remains to be determined. Six patients in our study had significant ventricular arrhythmia induced by treadmill exercise. Gillette et
In the light of our study we recommend that vena1.21 and Wessel et a1.22 suggested that cardiac dystricular function during stress become a routine part of function may be the cause of ventricular arrhythmias the postoperative cardiac catheterization in all patients in patients after repair of tetrad of Fallot. Garson et al.23 with tetrad of Fallot, especially in those patients who also demonstrated that the presence of residual right undergo repair at an older age and have a severe anaventricular hypertension (right ventricular systolic tomic form of the defect. In addition, any patient who pressure greater than 60 mm Hg) relates to the develhas an impaired cardiac response to supine exercise, opment of ventricular arrhythmia in patients after reeven after a good hemodynamic repair, may be at a high pair of tetrad of Fallot.
risk for the development of ventricular arrhythmia.
